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Introduction
The R ecent fam ily Rhinolophidae comprises the single genus Rhinolophus Lecepede, 1799, and consists o f 64 species (Corbet and Hill 1991) . Its systematics is complicated, owing to the large number o f taxa from nearly all tem perate and tropical regions o f the Old World. M ost studies of systematic affinities am ong the species o f Rhinolophus (Tate and Archbold 1939) were based on trivial differences, primarily associated with noseleaf structure, the position o f the anterior upper premolar (P2), and general body size. Andersen (1905a Andersen ( , b, 1918 attem pted the first detailed clarification o f the taxonomy o f the Rhinolophidae. Tate and Archbold (1939) and Tate (1943) summarized the synoptic arrangements proposed by Andersen (1905a Andersen ( , b, 1918 , including more recently described forms. Since then, no general review o f the family has appeared, and other investigators (Hill and Yoshiyuki 1980 , Hill and Schlitter 1982 , M eester et al. 1986 , Lekagul and McNeely 1988 , Yoshiyuki 1989 either accepted Andersen's point-of-view or made only m inor changes in his classification. It is, therefore, not surprising that the entire family requires a broad revision as was done for M ormoopidae (Smith 1 9 7 2 ), M olossidae (F re e m a n 19 8 1 ), Stenodermatinae (O w en 1987, 19 8 8 ) , Em ballonuridae (Freeman 1989) , and Phyllostomidae (Baker et al. 1989) .
The purposes o f this study were to examine phenetic associations within the Rhinolophidae via m u ltivariate analyses o f cranial and external m ensural characters, and, in conjunction with other published data, to construct a new classification for the family. The classification of any group should be based on estim ates of genealogy rather than phenetics. Nevertheless, phenetic classifi cations may assess objectively relative similarity o f taxa -a determination o f high intrinsic interest to taxonomists. 'T h e history o f taxonomy decisively refutes the assumption that similarity is self-evident and not in need o f careful evaluation" (M ayr 1969: 201) . (1982) and Corbet and H ill (1991) , w ith the exception o f R . sinicus and R . form osae. K aryology (And&e/ al. 1980 , D u lii 1980 , Naidu and Gururaj 1984 , Zhang 1985 and bacular m orphology (Topdl 1975) indicate that these tw o taxa should be treated as valid species. M y goal was to exam ine at least 5 adult specim ens o f each species. In some instances, 5 specim ens
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were not available, b u t for some species, I m easured more than 10 individuals. Most specim ens were com plete and intact, w ith no m issing characters. Only specim ens w ith fully ossified m etacarpalphalangeal epiphyses were included in the analysis.
M easurem ents were taken with dial calipers to the nearest 0.05 m m and 0.1 mm for cranial and external dim ensions, respectively. A total o f 35 (19 cranial and 16 external) characters were exam ined (T able 1). W ith the excep tion s noted below , cranial and external m easurem ents follow those o f Rautenbach (1986) and Freem an (1981) , respectively. B ullar w idth was m easured from the inner m a rgin o f th e b u lla , p e rp e n d icu la rly to the la tera l m a rgin o f the external a u d itory m eatus.
M etacarpal length equaled the distance betw een the proxim al and distal end o f the bone, excluding the wrist. The length o f the last phalanx o f the third, fourth, and fifth digits excluded cartilaginous tips; the hindroot was m easured excluding claws.
Transformations and phenetic procedures.
In general, Owen (1988) was follow ed for transform ation and phenetic procedures. All values were transform ed to their natural logarithm s and the arithm etic mean o f each character was then calculated for each species.
W ood (1983) described a com m on-part-rem oved transform ation for phenetic analysis o f continuous data that involves regression o f the vector of character values from each species on analogous vector(s) for one or more closely related species. In m y study, the vector o f character values for each species was regressed on th at for A selliscu s tricuspidatus. This species is a m em ber o f the H ipposiderid ae, the sister fam ily to the R hinolophidae. Based upon m icrocom plem ent fixation data from transferrin, A selliscu s can even be treated as a sister genus for R hinolophus (Pierson 1986 ). For ea ch species, the vector o f residual values was retained. These vectors were com bined and used as the transform ed data matrix. A ll further m athem atical operations were perform ed based on this m atrix.
Tw o ordination and one clustering m ethods evaluated phenetic variation in cranial and external body characters. N on m etric m ultidim ensional scaling based on average taxonom ic distances (Sneath and Sokal 1973, A bbott et al. 1985) was calcu lated from the transform ed data m atrix. In this procedu re, axes are com puted so that the intertaxon distances in the reduced space bear as nearly a m on oton a l relationship to the intertaxon distances in the original matrix as possible. A n advantage o f m u ltid im en sion al scalin g over m ost oth er ordination m ethods is that distortion o f intertaxon rela tio n sh ip s is n ot con cerned am ong closely related taxa; rather, the m ethod provides balance b etw een large intercluster distances and sm aller within cluster-distances (O wen 1988) .
Principal-com pon ents analysis of a character variance-covariance m atrix u sin g unstandardized data w as u sed to ordinate taxa. Rather than m inim izing stress (as w ith m ultidim ensional scaling), princip al-com pon ents analysis is designed to explain the m axim um percentage o f the m atrix variation with a given num ber o f orthogonal com ponents. An advantage is that the com ponents are in ter preta b le in term s o f individual character loadings. Character loadings were scaled by dividing the eigen vectors by the standard deviation o f the characters, and m ultiplying the quotient by the square root o f the eigen value (va n Zyll de Jong 1984). A m inim um -spanning tree (Sneath and Sokal 1973, A b b o tt et al. 1985) com puted from the average taxonom ic distance m atrix w as superim posed onto the th ree-dim en sion al plots from m ultidim ensional scaling and principal-com ponents analyses to further elu cid a te relationships am ong species.
U n w eighted pair-group m ethod u sin g arithm etic averages (Sneath and Sokal 1973) was used to clu ster taxa into phenetic groups. This analysis was perform ed on the m atrix o f average taxonom ic distances com puted from the transform ed data m atrix. C ophenetic correlation coefficients, m atrix correlations, and correlations am ong cophenetic and correlation m atrices resultin g from all ordination and clu sterin g m ethods were also calculated (Sneath and Sokal 1973, R oh lf 1974) . M atrix correlations from ordination m ethods are analogous to cophenetic correlations for clu sterin g procedures, being
c o m p u te d as a m ea su re o f th e a g reem en t b etw een sp e cie s -s im ila rity va lu es from th e th r e e dim ensional projections and those from the transform ed-distance m atrix (Owen 1988).
O rdination and cluster analysis were conducted on all 64 rhinolophid taxa (n 1) and on a reduced data set o f 50 taxa (n > 5). M ales and fem ales within species were pooled to increase the n um ber o f taxa which met the last criterion (n > 5).
Morphological dispersion.
A sim ple way to express the m orphological dispersion o f a fauna is to determ ine each taxon's average phenetic distance to every other taxon in the fauna, sum the averages, and calculate the faunal average (Findley 1973 (Findley , 1976 Freem an 1981) . A low average distance for a species indicates phenetic sim ilarity to m ost o f the bats in the fauna. The average taxonom ic distances betw een every pair o f species in a fauna were com puted based on a m atrix o f sta n da rdized residuals. The K ruskal-W allis nonparam etric test was u sed to evaluate differences am ong average faunal values. Because no nonparam etric m ultiple range test exists for u nequal sam ple sizes, the M ann-W hitney 17-test was conducted on all pair-w ise com binations o f the four faunas. R hinoloph us ferrum equinum (Jap an) and R . luctus (India and Sri Lanka) were rem oved from the analysis because they w ere represented in the sample by conspecifics from E urope and southeast A sia for which sam ple sizes were larger. G eographic affiliations o f rhinolophid groups were based on W allace's zoogeographical divisions (Lincoln el al. 1982) .
C om puter program s were from the N T S Y S-pc (version 1.6) and STATG RAPH ICS (version 5.0) packages.
Results
Phenetic relationships
The com m on-part-rem oved transformation removed 93.6% (R . m ehelyi) to 97.5% (R . m egaphyllus and R. thom asi) o f the total variation of each species' character vector (Bogdanowicz and Owen 1992). Phenetic analyses were performed on the rem aining variance that describes the morphometric differences among rhinolophids.
• » In the principal-com ponents analysis, the first three components explained alm ost 69% o f the variance (component I, 31.6%; II, 19.3%; and III, 17.6%) . O f the 35 characters, 15 loaded heavily (absolute values > 0.550) on component I; nine were positive (Table 1) . Thus, nearly h alf of the characters distinguished two groups o f rhinolophids, with several species more or less dispersed around and betw een them (Fig. 1A) . The cluster on the left side o f the figure comprised mostly horseshoe bats from the Ethiopian and Palaearctic regions. All species lying betw een R. mehelyi (41), R. ferrum equinum (22, 23) , R. hildebrandtii (27) In the nonmetric multidimensional scaling o f 64 taxa, axis I ( Ordination o f 50 taxa with n > 5 produced two distinct clusters o f species located along axis I ( Fig. 2) , which correspond to the zoogeographic affinities o f the taxa. The first three principal components account for 34.2, 21.1, and 15.0% of total variance, respectively. Sixteen characters load heavily on component I; nine are positive ( Table 1) . The second principal component shows five positive and five negative character loadings. Generally, this component divides the species group from southern Asia and Australia into two large subgroups which occupy exclusive portions of the morphospace ( Fig. 2A) . Such distinctiveness is especially evident when the m inim um -spanning tree is superimposed on the three dimensional diagram. The results o f multidimensional scaling o f 50 taxa are not uniform, yet the existence o f two subgroups for Oriental and Australian bats is confirmed (Fig.  2B) . In both ordination analyses, the third axis segregates R. philippinensis (45), R. macrotis (36), and R. maclaudi (35) from Australian and Oriental as well as from Ethiopian and Palaearctic groups (Fig. 2 ). All these species [and R. luctus (33) with R. trifoliatus (62) ( Fig. 2A) ] exhibit relatively narrower skulls in their zygomatic and rostral parts, longer palates, and longer ears ( Table 1) .
As expected, the cluster analysis produced lower matrix correlations than did ordination methods (Table 2) . Also, the cophenetic correlation was low indicating appreciable distortion in the phenograms. The phenogram o f 64 taxa from the average taxPnomic distance matrix indicated the existence of three m ajor clusters within the fam ily (Fig. 3) . Two o f these clearly relate to ordination results. Oriental and Australian species are grouped in the first cluster, whereas mostly Ethiopian and Palaearctic taxa are in the second cluster. A third cluster includes R. macrotis (36), R. marshalli (39), R. philippinensis (45), and R. osgoodi (43).
The first m ajor cluster is divided into five (or possibly six) smaller groups. An assemblage com prising R. acum inatus (1), R. rouxii (48), R. sinicus (55), and R.
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0J50 0125 OJOO 0.075 0.050 0.025 Fig. 3 . Phenogram (unw eighted pair-group m ethod u sin g arithm etic averages) for average taxonom ic distances calcu lated from transform ed data matrix, with 64 taxa o f R hinoloph us included. thomasi (60) is located in the m iddle o f principal component I (Fig. 1A) . The corresponding m inim um -spanning tree confirm s that these species are close neighbors (Fig. 2) . Despite its location with R. stheno (56) on the phenogram (Fig.  3) , R. affinis may be also allied with this group. The next group in the phenogram com prises two subgroups, with 13 and 5 species, respectively. Both groups are com pact and occupy similar morphospace in the principal-components analysis. The pattern obtained from the cluster analysis o f the reduced data set (Fig. 4 ) is similar to that in the phenogram based upon 64 taxa (Fig. 3) . Several exceptions exist. Rhinolophus lepidus (32) is associated with R. celebensis (9), R. madurensis (37), R. borneensis (7), R. malayanus (38), R. megaphyllus (40), and R. virgo (63), whereas in the previous analysis (Fig. 3) this species had the closest affinities with R. imaizumii (29). The R. landeri (31) and R, guineensis (26) cluster includes R. alcyone (3), whereas the cluster with R. macrotis (36) and R. philippinensis (45) contains R. maclaudi (35).
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M orphological dispersion
Based on the Kruskal-Wallis nonparametric test, a significant difference (p < 0.001) was found among the average distance values o f the four faunas ( [/-te s t; p < 0.001) and the Palaearctic fauna was more dispersed than the Ethiopian (p < 0.01) or Australian (p < 0.05) faunas. The Ethiopian fauna was statistically more dispersed than was the Australian fauna (p < 0.05). Although the Oriental fauna contains the m ost distinctive rhinolophid species (R . luctus and R. marshalli), no significant differences in dispersion obtained between the Oriental and Palaearctic faunas (p = 0.15).
Discussion
The extreme m orphological similarity o f horseshoe bats represents a m ajor problem in the intrafam ilial classification o f rhinolophids. This sim ilarity is expressed by the exceptionally low average taxonomic distances within the fam ily (0.023 to 0.148; Fig. 3 ). In comparison, the average taxonomic distances between stenoderm atines (Phyllostom idae) ranged from 0.033 to 0.227 (Owen 1988; Fig.  1 ). This sim ilarity is also indicated by the relatively small variance rem aining after the common-part-removed transformation (2.5 -6.4%; Bogdanowicz and Owen 1992). W ithin the Stenoderm atinae, this ranged from 1.3 to 13.8% (Owen 1988) , whereas for three data sets on birds (Ciconiidae, Gruinae, and Em berizinae) it was 1.8 -9.2% (Wood 1983). Consequently, division o f Rhinolophidae should concern superspecies (Andersen 1905a) rather than subgenera (Gray 1866, Peters 1867, 1871; M atschie 1901).
A ustralian and Oriental taxa
It is constructive to compare the relationships o f the taxa o f Rhinolophus proposed by Andersen (1905a Andersen ( , b, 1918 , and Tate and Archbold (1939) , with the results o f this analysis ( The differences between previous classifications and that suggested herein are more significant than are sole similarities (Table 3) Figs 1A and 2) . These species were provision ally classified into two different groups (Table 3) , a position supported by Gray (1866), who already in the 19th century, separated R. luctus and R. trifoliatus from R. philippinensis, recognizing them as separate subgenera, Aquias and Phyllotis, respectively (Hill 1972). ' Andersen (1905e) divided the philippinensis group into three sections: philippinensis, sedulus, and trifoliatus. Rhinolophus maclaudi was treated as an Ethiopian offshoot o f the philippinensis type, with more highly developed dentition, wing-structure, and mental grooves (Andersen 1905e). The m inimum-spanning tree confirm ed the phenetic distinctiveness o f the philippinensis and trifoliatus groups (Fig. 2) . For this reason, R. sedulus was considered a member o f the same group as R. trifoliatus and R. luctus. Nonetheless, R. maclaudi was closer to African rhinolophids than to either R. luctus or R. trifoliatus.
The largest cluster o f species constitutes the megaphyllus group (Table 3) . Close affinities am ong R. celebensis, R. borneensis, and R. madurensis are well known Andersen (1905a) . Additionally, the tail of R. stheno is short and considerably sm aller than the lower leg, whereas the tail of R. rouxii a n d fi. borneensis is longer than or equal to the length of lower leg (Andersen 1907). This description o f R. stheno corresponds to characteristics o f the arcuatus group (Andersen 1905a, c). On the basis o f cluster analysis, the arcuatus group of Andersen (1905a) m ay also contain R. rufus (see also Hill and Schlitter 1982). In Andersen' s classification (1905a), the arcuatus group is the only one that has no representatives in the Ethiopian region.
The placem ent o f three species (R . gracilis, R. toxopei, and R. osgoodi) in the proposed phenetic classification was not altered compared to current taxonomic position (Andersen 1905b , Hinton 1925 , Sanborn 1939 , Koopman 1989 , Corbet and Hill 1991 even though my results suggested a different arrangement. In my material, these species were represented by 1-2 specimens only, and their phenetic associations are consequently tenuous,
Ethiopian and Palaearctic taxa
The classification o f rhinolophids from the Ethiopian and Palaearctic regions (with the exception o f R. m aclaudi) is less problematic than that o f the horseshoe bats from the rem aining parts o f the Old World. My division o f African species from the ferrum equinum group (= simplex group o f Andersen 1905a) agrees to a large extent with subgroups recognized by Aellen and Brosset (1968) . They prim arily based group recognition on differences in the size o f the anterior upper prem olar (P2) and the position o f the upper canine in relation to the last upper prem olar (P4). These authors differentiated two subgroups: ferrum equinum , con tain in g R. ferrum equinum, R. cliuosus, and R. darlingi; a n d capensis, containing R. capensis, R. denti, R. swinnyi, R. simulator, a n d ii. adami. Koopman (1975) noted the desirability o f uniting R. sim ulator, R . adam i,R . denti, R. swinnyi, and R. capensis with R. clivosus, R. ferrumequinum, R. darlingi, R. silvestris, and R. deckenii within the ferrumequinum, group (= sim plex group o f Andersen, 1905a). Conversely, differences am ong i?, deckenii, R, silvestris, and i?, clivosus in inflation o f the n asal sinus and the construction of the basisphenoid bridge make the first two sp<ecies closer to R. darlingi than to R. clivosus. All three taxa show some sim ilarity to the fum igatus-eloquens-hildebrandtii complex (Koopman 1975). In my classification R. darlingi is in the ferrum equinum group. Perhaps this species should be associated with R. deckenii and R. silvestris in a separate group, som ew hat interm ediate between the ferrumequinum and capensis groups (K. F. Koopm an, in lift.) .
The phenetic differences among species within the lepidus group of Andersen (1905a) were greater than has been judged by others (Andersen 1918 , Hill and Yoshiynki 1980 , Yoshiyuki 1990 . On this basis, a separate group was established for R. euryale and R. mehelyi. Matschie (1901) and Andersen and Matschie (1904) allocated both species into a separate subgenus, Euryalus. M orphologically, R. blasi is closer to R. denti, R. swinnyi, R. capensis, and R. simulator than to any other horseshoe bats. However, R. blasii is relatively distant from these African taxa, and is linked with R , landeri and R. guineensis as well (Figs 3 and 4) . A ccordin g to recent opinion, R, blasii should be associated with the landeri subgroup, rather than with the capensis subgroup o f the capensis group (K. F. Koopm an, in litt.}. Obviously, other independent data sets are needed to fully understand systematic relationships within the Rhinolophidae.
Phenetic versus phylogenetic relationships
Based on the maximum likelihood analyses o f the same morphological data set, Bogdanowicz and Owen (1992: Fig. 2 ) produced a cladogram that could be treated as a w orking hypothesis o f evolutionary relationships am ong horseshoe bats. Phylogenetic affinities within the family, as suggested by their cladogram, are surprisingly sim ilar to phenetic relationships. Almost all m embers o f the phenetic assem blages are closely related phylogenetically, especially within the megaphyllus, euryotis, pearsonii, fum igatus, euryale, hipposideros, philippinensis, and trifoliatus groups.
In the rouxii group, R. acuminatus has close phylogenetic affinities with R. rouxii, R . thom asi, and R. sinicus. Rhinolophus affm is is situated between R. rouxii and R. stheno. Rhinolophus stheno, however, appears to be a basal taxon for the euryotis group. Such surprising relations (Andersen 1905a, b, McFarlane and Blood 1986 ) are also recom m ended by phenetic analyses.
The ferrum equinum group was well-defined, although the evolutionary status o f R. bocharicus was doubtful. In the cladogram, this species was closer to the euryale group than to the ferrum equinum group. Rhinolophus bocharicus, however, is frequently treated as a subspecies o f R. clivosus (Aellen 1959 , Gaisler 1971 , Koopman 1982 . Its baculum, in dorsal view, resembles a convex arrow head (Hanák 1969) . Within the Rhinolophidae, only R. ferrum equinum and R. clivosus are characterized by similar bacular morphology (Topal 1958 (Topal , 1975 Lanza 1959 , Hanak 1969 , Yoshiyuki 1989 .
The present analysis indicates m orphological distinction between the philippinensis and trifoliatus groups. These results match the phylogenetic results (Bogdanowicz and Owen 1992). In the cladogram, R. philippinensis, R. macrotis, and R. marshalli are close to the root in the cluster o f typical Oriental and Australian bats. Rhinolophus trifoliatus, R. luctus, and R. sedulus from the Oriental region share a common ancestor with highly derived African taxa (R . silvestris, R" fum igatus, R. eloquens, R. hildebrandtii, and J?. alcyone) . The phylogenetic position o f African R. maclaudi is especially interesting. The results o f both phenetic and phylogenetic analyses show that R. maclaudi is more allied with African rhinolophids than to members o f the philippinensis group o f Tate and Archbold (1939) . These results appear to support Laurent's (1940) opinion thatJ?. maclaudi should be treated as an African type, isolated from other Asiatic bats (but see Fig. IB ). In view of the general com plexity within the genus Rhinolophus it is prem ature to comment in more detail on the systematic and phylogenetic relationships o f R. maclaudi (Aellen 1973, Smith and Hood 1980) ,
Phenetic, karyological, and electrophoretic concordance
Based on nondifferentially stained chromosomes o f 21 species, Harada et al. (1985) proposed that the genus be divided into three groups based on diploid number: (1) 2n = 62; (2) 2n = 58; and (3) variable diploid numbers (2n = 32 -60) with large biarm ed autosomes. M ost species o f Rhinolophus occurred in the first two groups, and only one species, R. luctus, had 2n = 32 (Harada et al. 1985) . It has been postulated on the basis o f correlations between conventional karyotypes with phylogenetic relationships assumed from morphological characters that the autosomes for the prototypie karyotype in Rhinolophus consisted o f all acrocentric elements with 2n = 62 and FN = 60 (Ando et al. 1983 , see also Zima et al. in press ). An acrocentric composition o f the primitive karyotype and the trend toward low diploid chromosome numbers have been suggested as characteristics o f the fam ilies Phyllostom idae and Vespertilionidae (Baker and Bickham 1980) . At present, 33 (or possibly 34) species have been karyotyped (Zima et al., in press ). On the basis o f the differences in diploid number and number o f autosomal arms, the Rhinolophidae can be divided into two large groups, one with 2n = 62 and FN = 60; and the other with 2n = 58 and FN = 60, 62, or 64 (M, Harada, in litt.). Other species or subspecies can be treated as offshoots o f these groups. This division, with few exceptions, agrees with the m orphological differentiation of A ustralian and Oriental bats from Ethiopian and Palaearctic ones. M ost rhinolophids possessing a 62-chromosome karyotype are restricted to the IndoMalayan region. Species with a karyotype o f 58 chromosomes occur in Africa, Europe, or Asia, north o f the Himalayas. All remaining species with chromosome numbers o f 60, and 56 or lower, have arisen in east Asia (Zima et al., in press ). Only two exceptions are known from this trend. First, the distribution o f R. ferrum equinum (2n = 58) extends southward, inhabiting the regions from northern India to Japan. Second, R. hipposideros has different chromosome numbers in different geographic regions: 56 chromosomes in Bulgaria (Belcheva et al. 1990 ), Ita ly (C apanna ei al. 1967), C zecho-Slovakia (Zima 1982) , and Azerbaijdan (Fattaev and Kuliev 1978) ; 58 in Jordan (Qumsiyeh ef al. 1986 (Qumsiyeh ef al. , 1988 ; and 62 in K irghizia (Zim a et al., in press) .
Q um siyeh ei al. (1988) reported extensive genic divergence based on starch gel electrophoresis o f 10 species o f the Rhinolophidae. Systematic relationships within the R hinolophidae based on electrophoretic data are in many aspects discordant with those based on m orphological criteria. The matrix correlation coefficient b etw e e n th ese two indepen dent data sets was low er than 0.500 (au th or's calculation). In phenograms based on Rogers' distances, m ost surprising from a m orphological point of view is the fact th a tR . cornutus and R. clivosus arose from ancestors with protein complements much like the present-day R. darlingi. These three species share a common ancestor with R. ferrumequinum. Furthermore, based on allozym ic data, R. affinis is closer to R. malayanus than to R. acuminatus. Q um siyeh et al. (1988) present three hypotheses account for the apparent lack o f concordance between these data sets. Morphological relationships m ight be in accurate because o f the extreme m orphological sim ilarity am ong the Rhino lophidae. W ith respect to the electrophoretic data, inaccuracy could be related to the large genetic distances between taxa, high intraspecific variation, and lack o f appropriate analysis for the presence or absence o f alleles or character state transform ation. Finally, the results o f morphological and electrophoretic data may not be com parable because o f their different resolution at different evolutionary levels (Arnold et al. 1982) . Findley (1976) reasoned that i f this is true, than older faunas are phenetically diverse. The distributions o f the faunal averages (Fig. 5) suggest that the Oriental fauna is the oldest; the Palaearctic and the Ethiopian faunas are of intermediate age; and the Australian fauna is the youngest.
M orphological dispersion and center o f origin
These findings agree with palaeontological considerations. The family orig inated in the Old W orld tropics, probably in Africa or in southern Asia (Koopman 1970 , Hall 1989 . Based on fossil evidence, rhinolophids entered Africa at a late date (M io-Pliocene o f North Africa; Butler 1978). Australia was colonized by bats m igrating from Asia through the Indonesian Archipelago and New Guinea (Tate 1946 , Hamilton-Smith 1974 Hand 1984 , Flannery 1989 . Currently, only two rhinolophid species (R. m egaphyllus and R. philippinensis) occur in Australia. Their presence in the eastern part o f the continent evidently represents a relatively recent arrival from New Guinea, perhaps during the Pliocene or Pleistocene (Archer et al. 1989 ). Flannery (1990) stated that the Rhinolophidae, unlike its sister fam ily (Hipposideridae), appeared in New Guinea at a late date, most probably during the Pleistocene. The recent phylogenetic research suggests southeast Asia, not A frica, as a center o f evolutionary origin of the fam ily (Bogdanowicz and Owen 1992).
Functional m orphology and its evolutionary significance
M easurements such as greatest length of the skull, condylocanine length, and forearm length, are highly positively correlated with the first principal component in the 64 taxa analysis (Table 1) . Nevertheless, bats on the far negative end of the first axis have even bigger skulls and longer forearms than their counterparts on the positive end (Fig. 1A) . For example, greatest length o f the skull o f R. f. ferrum equinum w as 22.8 mm, w hereas that o f R. marshalli was 18.3 mm. However, relative to head and body length, the skull o f the former species is smaller than that o f R. marshalli (34.4 and 43.4%, respectively). The first principal component evidently is a shape, not a size, factor (Sneath and Sokal 1973) . Its interpretation m ust be based on ratios between suites o f different characters. In this context, Ethiopian and Palaearctic rhinolophids have smaller skulls, higher m andibular rami, and longer coronoid-angular distances than do their Australian and Oriental counterparts. They also have relatively longer second phalanges and tails, but their forearm s and metacarpals are shorter. Characters that covary with these traits, as evidenced by high loadings on the first principal com ponent from the reduced data set, are lengths of the jaw and mandibular and maxillary toothrows. Those species with short jaw s and toothrows exhibit relatively small skulls. These differences are important functionally. Bats with proportionally shorter heads (skulls) and teeth have poor access to larger prey (Fenton 1989 ). An individual with a lower coronoid process can open its jaw wider without mechanical interference with the eye socket (Vaughan 1972), a feature helpful in catching large insects. Relatively high mandibular rami, as well as small skull and jaw sizes, may lim it the diet o f Ethiopian and Palaearctic bats to contain relatively small prey. On the other hand, the development o f the coronoid process and sagittal crest allows for increased leverage and larger jaw muscles. Increases in the temporal m uscle are particularly important as adaptations to the increased stress o f struggling or tougher prey and extensive use of canines (Maynard Smith and Savage 1959) . Bats with high coronoid processes, mostly from the Ethiopian and Palaearctic regions, should have the ability to crush hard-shelled items such as beetles, whereas Australian and Oriental taxa, with low coronoid processes, should consum e soft item s such as moths (Freeman 1979) .
Within the Rhinolophidae, the size o f small premolars varies considerably (Topal 1979 (Topal , W oloszyn 1987 . Nevertheless, these teeth show a greater degree o f reduction in Ethiopian and Palaearctic bats, especially medium and large-sized taxa, than in Australian and Oriental rhinolophids. This tendency partially agrees with Freeman' s (1979) suggestion that beetle specialists have fewer but bigger teeth. Unfortunately, the diet o f horseshoe bats has not been studied in much detail. Rhinolophids caught in northern Thailand during the rainy season feed on swarming ants and beetles. Preference shifted to crickets and scarabaeid beetles in fruitgrow ing areas of the southern part o f the country (Nabhitabhata 1986). T he diet o ff? , ferrum equinum in England varied seasonally, and consisted mainly o f Lepidoptera (40.6% by volume) and Coleóptera (33.2%; Jones 1990 ). McNab (1971 and Kock (1973) considered particle size and food type as important axes o f niche differentiation for congeners.
The first principal component corresponds with maneuverability and flight speed. All rhinolophids have short, broad wings (low aspect ratio) and large wing area in relation to the body-weight (low wing-loading; N orberg 1987). They can fly slow ly within vegetated areas. Subtle differences in the wing design could cause differen t flight perform ance in different species. M ost rhinolophids from the Ethiopian and Palaearctic regions have relatively short metacarpals and long phalanges in the fifth digit. The ratio of the length o f the fifth digit metacarpal to the com bined length of the phalanges may estimate the abilities of the wing to cam ber in different ways, by changing the angle o f attack (Baagpe 1987). For two equally broad wings, the wing with a low fifth digit metacarpal: phalanges ratio has a higher cam berability than does one with a high index. Ethiopian and Palaearctic bats, including similarly shaped Oriental R. luctus and R. trifoliatus, also have relatively long tails (Table 1) , narrow wings (higher digit Ill/digit V ratio; t -4.22, d.f. = 62; p < 0.001), and long wingtips (higher value of digit III/(digit V + forearm ); t = 9.62, d.f. = 62; p < 0.001). Thus, they seem to be well-adapted for fast but highly m aneuverable flight, helpful in seizing insects by aerial hawking or by flycatching (Jones and Rayner 1989, Jones 1990) . W ing shapes o f some of the m ost arch aic M icrochiroptera are sim ilar to that o f som e rh inolophids (Habersetzer and Storch 1987, Norberg 1989) .
The main functional effect o f the second principal com ponent concerns the separation o f m ost o f the rhinolophids whose center o f distribution is in humid areas (e.g., tropical rain forests o f southeast Asia and Africa) from those inhabiting dry areas (e.g., M editerranean sclerophyllous and African savanna woodlands). This com ponent has its highest positive correlations with the greatest horseshoe breadth and palatal length. All rhinolophids hunt with their mouths closed, while em itting ultrasonic pulses through their nostrils lying in the center o f the horseshoe (M óhres 1953). The distance between the nostrils is equal to h alf the wavelength (Konstantinov et al. 1988) , As already shown for several bat families (Novick 1977 , Heller and Helversen 1989 , but cf. Jones et al. 1992 ), a correlation between body size and call frequency exists in the Rhinolophidae (r = -0.557, d.f. = 22, p < 0.01; Fig. 6A ). An even more significant relationship (r = -0 .8 2 2 , d.f. = 22, p < 0.001) exists between call frequency and the greatest horseshoe breadth (Fig. 6B) . Evidently, bats with wide horseshoes em it lower-frequency calls. A longer palate (larger resonant body) may be im portant in producing deeper frequencies as well (r = -0 .7 8 8 , d.f. = 22, p < 0.001). These correlations are highly significant and o f the same sign when relative dimensions of the horseshoe and palate (in relation to the greatest skull length) are used. Relative forearm length is the only exception (r = 0.263, d.f. = 22, p > 0.05). Lower-frequency sounds have longer wavelengths than do higher-frequency sounds, and provide poor resolution o f target detail and are also less directional (Shimozawa et al. 1974 ) and less subject to environmental attenuation (Griffin 1971, Lawrence and Simmons 1982) , W ithin the genus Rhinolophus, species from drier climates have higher average call frequencies than do species from tropical rain forests (Heller and Helversen 1989) . Relatively wide horseshoes in R. luctus, R. trifoliatus, R. yunanensis, R. pearsonii, R. subrufus, and 7?. rufus (Fig. 1A) , for example, may indicate that these bats are adapted to hunt in humid areas. Fenton and Fullard (1979) suggested that high frequencies used in écholocation by m ost o f the Rhinolophidae and H ipposideridae may have evolved to avoid easy detection by moths. As horseshoe breadth increases, relative skull size decreases, as evidenced by high negative loadings on height and breadth o f braincase, foramen magnum width, and least interorbital breadth (Table 1) . Small brain sizes suggest difficulties in the location o f food resources which are isolated in small pockets (Eisenberg and Wilson 1978; see also Stephan et al. 1981, Findley and Wilson 1982) .
The third principal component contrasts jaw and some cranial characters with palatal and ear lengths ( Table 1) . The structure o f the mandible and palate is related to prey selection. The pinnae serve an important function in écholocation and affect the detection and capture o f prey (Fenton 1972 (Fenton , N orberg 1987 . They may also provide additional uplift during flight (Vaughan 1966). Few bats with Fig. 6 . R elationships betw een call frequency o f rhinolophid bats and A , forearm length (regression line: y = -1.73x +■ 159.75; r = -0.557, p < 0.01); and B, greatest horseshoe breadth (y = -9.7 5 jc + 154.85; r = -0 .8 2 2 , p < 0.001). Call frequencies taken from H eller and Helversen (1989). The area betw een tw o curves indicates the 95% prediction lim it o f the regression slope. Species n um bered as in Fig. 1. high values on this component are specialized for localization and gleaning small prey from foliage or from the ground.
Andersen (1905b) regarded unshortened palate, retention o f P2 and Pg in line with toothrows, subequal metacarpals (4th a trifle longer), and three mental grooves to be primitive features for the Rhinolophidae. Within the ferrumequinum group, from about 6 million years ago during early Pliocene (R . kowalskii) to recent H olocene (.R. ferrum equinum ) , the palate becam e reduced by about 20%, yet the rate o f change varied considerably. The shortening o f the palate was rapid in the first h a lf o f the Pliocene, slowed in the latter h a lf o f this period, and accelerated considerably in the Pleistocene (Wołoszyn 1987). Considerable reduction o f the jaw apparatus occurred in a com paratively short geological period. The process involved the small premolars, the postdental part of the mandible and of the skull (Sigé 1978 , Topâl 1979 , Wołoszyn 1987 . The coronoid process o f rhinolophids has not changed a great deal, and in the Tertiary, it was as low as it is in several recent forms. High coronoid processes are characteristic of members o f the sister fam ily H ipposideridae (Friant 1963) . These trends, in conjunction with the results o f functional and phylogenetic analyses, suggest that a close ancestor o f rhino lophids m ost probably lived in tropical rain forests in the Oriental region. It flew slowly, em itted relatively low-frequency sounds, and seized large but soft prey. 
